Disulfide-rich peptide venoms from animals such as snakes, spiders, scorpions, and certain marine snails represent one of nature's great diversity libraries of bioactive molecules. The various species of marine cone shells have alone been estimated to produce >50,000 distinct peptide venoms. These peptides have stimulated considerable interest because of their ability to potently alter the function of specific ion channels. To date, only a small fraction of this immense resource has been characterized because of the difficulty in elucidating their primary structures, which range in size between 10 and 80 aa, include up to 5 disulfide bonds, and can contain extensive posttranslational modifications. The extraordinary complexity of crude venoms and the lack of DNA databases for many of the organisms of interest present major analytical challenges. Here, we describe a strategy that uses mass spectrometry for the elucidation of the mature peptide toxin components of crude venom samples. Key to this strategy is our use of electron transfer dissociation (ETD), a mass spectrometric fragmentation technique that can produce sequence information across the entire peptide backbone. However, because ETD only yields comprehensive sequence coverage when the charge state of the precursor peptide ion is sufficiently high and the m/z ratio is low, we combined ETD with a targeted chemical derivatization strategy to increase the charge state of cysteine-containing peptide toxins. Using this strategy, we obtained full sequences for 31 peptide toxins, using just 7% of the crude venom from the venom gland of a single cone snail (Conus textile).
V enomous animals such as spiders, snakes, scorpions, and certain sea snails produce a vast array of bioactive peptides, many of which are rich in disulfide bonds that stabilize their 3-dimensional structures. The enormous size of this natural combinatorial library can be appreciated by considering just the Ϸ500 known species of cone snail, which are estimated to produce Ͼ50,000 distinct peptide toxins (conotoxins) (1, 2) ; and this number is dwarfed by the toxins present in the Ϸ38,000 known species of spider (3) . Interest in these peptide toxins derives in part from their potent and specific interactions with ion channels (3, 4) and in part from their structural integrity as disulfide-rich miniproteins (5, 6) Consequently they have become important tools for studying ion channels (7) and have considerable potential as pharmaceuticals (8, 9) .
One limit on the utilization of this rich resource of bioactive peptide toxins has been the difficulty in elucidating their primary structures, which range in size between 10 and 80 aa, include up to 5 disulfide bonds, and in certain cases (e.g., cone snail venom) can contain extensive posttranslational modifications. The extraordinary complexity of crude venom samples (often containing Ͼ100 components) (4) and the lack of DNA databases for many of the organisms of interest presents a major analytical challenge. Most of the currently known primary structures of peptide toxins have been obtained using Edman sequencing (10) , comparison of tandem MS (MS/MS) data with cDNA sequences (11) (12) (13) (14) (15) (16) (17) , or a combination of these techniques (18) (19) (20) (21) . Although MS reduces the requirement for exhaustive purification compared with Edman sequencing (22, 23) , it is often difficult to obtain full length de novo sequence exclusively by MS/MS. To date there are relatively few such examples, where the unambiguous sequence of a toxin has been determined exclusively by MS/MS in the absence of cDNA data (24) (25) (26) (27) (28) (29) . A major problem encountered in such analyses is incomplete sequence information, because full length de novo sequencing requires almost always backbone cleavage between each adjacent amino acid. Unfortunately, the most widely used fragmentation technique-collision activated dissociation (CAD)-rarely yields complete sequence coverage across the entire peptide; it usually yields selective fragmentation, precluding complete sequence characterization from N to C termini-especially for longer peptides (30, 31) . The presence of posttranslational modifications further complicates de novo sequencing by CAD. The recent development of electron capture dissociation (ECD) and electron transfer dissociation (ETD) has begun to alleviate these problems (32, 33) because they yield considerably less selective fragmentation along the peptide backbone. However, these newer dissociation techniques have their own set of limitations, perhaps the most critical being the requirement for relatively high charge state precursor ions with consequently low m/z ratios to produce the most informative fragmentation spectra (34) .
We present a strategy aimed at rapidly and sensitively elucidating the peptide toxin components of crude venom samples. Part of the impetus for this work was the historically low rate for determining the primary sequences of mature conotoxins (Ϸ1 sequence/year/ species) (35) and the large amounts of sample required for these analyses. Key to our strategy is the use of ETD, with its potential to produce complete sequence coverage. However, because ETD only yields comprehensive sequence coverage when the m/z ratio is low and at the same time the charge state (z) sufficiently high (34), we combined ETD with a targeted chemical derivatization strategy to increase the charge state of cysteine-containing peptide toxins. Increasing the charge state lowers the m/z ratio, ensuring extensive fragmentation of the peptide toxins with ETD. Here, the Cys residues were converted to their dimethyl Lys analogs, using commercially available N,N-dimethyl-2-chloro-ethylamine (36) . The resulting charge increase led to a striking enhancement of the ETD fragmentation. We term this procedure ''ETD of charge enhanced precursors,'' or ''ETD with CEP.'' Using this strategy, we obtained sequences for 31 peptide toxins from just 7% of the crude venom from the venom gland of a single cone snail (Conus textile).
( Fig. 1 ): (I) off-line separation of the crude venom into fractions; (II) MS survey of each fraction to determine the accurate masses of the toxins and their disulfide content; and (III) MS/MS sequencing of toxins, using CAD, ETD, and ETD with CEP. This strategy was evaluated on the crude venom from a single specimen of C. textile, in which the toxins range in size between 1,000 and 4,000 Da, have up to 5 disulfide bonds, and are extensively modified (4, 37) . To date, in Conus some 9 disulfide bonding patterns have been identified (35) across the 9 superfamilies that comprise at least 17 different pharmacologies; here we have made no attempt to map disulfide connectivities, but focus on gaining full N-to C-terminal sequence information. The present analysis used a total of 7% of the venom from a single cone snail specimen. Off-line separation of the crude venom into fractions. To improve the dynamic range of our procedure and increase our chance of identifying the less abundant toxins, we separated the crude venom mixture into 16 fractions using off-line HPLC. These fractions each yielded between 1 and 15 different cysteine-containing toxins, resulting in the detection of a total of 92 distinct conotoxins (Table S1) .
MS survey to determine the accurate masses of the toxins present in each fraction and their disulfide content. MALDI-TOF MS of each fraction provided us with accurate molecular masses (Ͻ5 ppm) of the major toxin components. To determine the number of disulfide bonds in each toxin, we reduced, alkylated and analyzed the fractions by MALDI-TOF MS. The number of disulfide bonds present in each toxin was determined from the mass differences between the native and reduced toxin (i.e., a difference of 2 Da/disulfide bond). In addition, the number of cysteines was determined by examining the mass difference between the reduced and alkylated toxins (i.e., a difference of 57 Da/cysteine). In the example shown in Fig. 1 MS/MS sequencing of the toxins present in each fraction, using a combination of CAD, ETD, and ETD with CEP. In the present work, we sought to develop an efficient de novo sequencing methodology, allowing complete N-to C-terminal sequence elucidation, which is applicable to a large variety of toxins. Thus, we first acquired LC-ESI-MS/MS data, using alternating CAD and ETD on each selected precursor ion. These dissociation methods are complementary in that CAD generally provides high sequence coverage for small (Ͻ1,500-Da) doubly-charged peptides, whereas ETD provides extensive coverage for larger peptides-especially when the charge state is high and the m/z ratio low (30, 34) . To help locate the numerous Cys residues, we recorded MS/MS spectra on both the reduced (free thiol-containing cysteines) and alkylated (carboxyamidomethyl cysteines) forms of the toxins. In certain cases, the aforementioned steps did not yield complete sequence information. This was especially true for peptides with higher molecular masses (Ͼ1,500-Da) and lower charger states (Յ 3). To overcome this problem, we increased the charge state of the toxins by converting the Cys residues to their dimethyl lysine analogs (an addition of 71 Da/cysteine). The resulting ETD with CEP gave significantly improved fragmentation, further facilitating de novo sequencing of these higher molecular mass toxins.
De Novo Sequencing. The characteristics of the fragmentation induced by CAD, and ETD are strongly dependent on the mass of the toxin and the charge state observed using ESI (Fig. 2) . For lower masses and charge states (M r Ͻ 1,500 Da and Z Ͻ 3), CAD frequently provides virtually complete sequence coverage (Fig.  2 A) , whereas ETD fragmentation is often sparse (Fig. 2B) . Increasing the charge state by converting the Cys residues to their charged dimethyl lysine analogs (i.e., ETD with CEP) greatly enhances the ETD fragmentation (Fig. 2C ), yielding virtually complete sequence coverage of the toxin. In the case shown, the ETD with CEP spectrum did not unambiguously resolve the order of the first 2 residues, whereas the CAD spectrum does-a complementarity that is very useful for comprehensive de novo sequencing. The complete sequence was determined to be VCCRPMQDCCS with an amidated C terminus (measured M r of the native toxin ϭ 1,238.416 Da, calculated M r ϭ 1,238.411 Da). A subsequent search of the National Center for Biotechnology Information (NCBI) database with our de novo sequence revealed the cDNA of a precursor containing this sequence, further confirming the present assignment.
As the masses of the toxins increase, the CAD spectra yield increasingly lower sequence coverage (Fig. 2 D and G) , as do the ETD spectra of low charge state species (Z Ͻ 3) (Fig. 2H) . By contrast, when Z Ͼ 3 the ETD fragmentation often yield close to complete sequence coverage (Fig. 2E ). Although the last 2 Cterminal fragment ions were not observed in Fig. 2E , the sequence could nevertheless be unambiguously determined using our prior determination of the number of Cys residues in step II of our procedure ( Fig. 1) . In this way, the sequence was determined to be RCCKFPCPDSCRYLCC with an amidated C terminus (measured M r of the native toxin ϭ 1,888.707 Da, calculated M r ϭ 1,888.710 Da). Again, a subsequent search of the NCBI database with our de novo sequence revealed the cDNA of a precursor containing this sequence, confirming the present assignment.
There is a large number of cases where neither CAD nor ETD yields complete sequence coverage. In such cases, ETD with CEP yields striking improvements in fragmentation efficiency and sequence coverage, especially when the charge state of the toxin before conversion of the cysteines to their dimethyl lysine analogs is Յ3. As an example, Fig. 2H shows the ETD spectrum of the highest observed charge state (3ϩ) of a reduced and iodoacetamide alkylated toxin with M r ϭ 3,398.321 Da. The resulting spectrum is dominated by the unreacted precursor and charge-reduced species, with virtually no informative fragment ions. Increasing the charge state of the toxin from 3ϩ to 6ϩ via the aminoalkylation reaction leads to a striking improvement in the fragmentation efficiency (Fig. 2I )-enabling de novo sequence determination of this 27 residue toxin, except for the order of the 2 C-terminal residues. Because the toxin contains 6 cysteines (step II, Fig. 1 ), 1 of these 2 terminal residues is of necessity a cysteine; the second residue must consequently be a threonine to satisfy the mass requirement. We can infer the order of these 2 residues by the absence of a z1 ion, which implies that the terminal residue does not contain a charged sidechain and is therefore likely to be threonine rather than the dimethyl Lys analog (i.e., the modified Cys). Thus, we determined the sequence to be WCKQSGEMCNLLDQNCCDGYCIVLVCT with an oxidized methionine (measured M r of the native toxin ϭ 3,050.189 Da, calculated M r ϭ 3,050.185 Da). Our de novo sequence agrees with that determined by Edman sequencing for this so-called ''King Kong'' toxin (38) , further validating the present approach. The cysteine derivatization described above successfully increased the charge state of all 31 toxins that we analyzed in detail, greatly facilitating their de novo sequence determination (Table 1) .
We now discuss how we overcome certain de novo sequencing ambiguities that commonly arise. Upon manual inspection of the ETD with CEP spectrum shown in Fig. 3 , we were able to deduce
with an amidated C terminus. However, this initial result contained several ambiguities, including an uncertainty concerning the 6 C-terminal residues-where the fragmentation pattern, mass and Cys content allowed for the alternative possible sequence A Q A C C V. Concerning the ambiguity of Val versus amidated Thr at the C terminus, it can be difficult to confidently distinguish between these residues because the mass difference is only 1 Da; this may be especially problematic in ETD/ECD spectra where H⅐ rearrangement to/from z-type fragment ions is a common occurrence (39) . Although the absence of a fragment ion between the 10th and 11th residue favors the interpretation TP (198 Da) over AQ (199 Da) (because Pro residues do not yield fragments at their N-termini in ETD), again the 1-Da difference prohibits an unequivocal call. Further confounding our ability to make an unambiguous call is our observation of a z-type ion consistent with cleavage between a putative AQ (albeit with low intensity). To resolve this ambiguity, we acquired high-resolution, high mass accuracy CAD spectra using a linear ion trap-Orbitrap mass spectrometer (see Fig. S1 ). The high mass accuracy (Ͻ3 ppm) allowed resolution of ambiguities arising from both the 1-Da differences (see above) and residues whose nominal masses are the same [Lys (128.095 Da) and Gln (128.059 Da)]. Here, the use of CAD allowed us to check for characteristic Pro cleavages (which produces a dominant ion corresponding to fragmentation at the N-terminal side of proline-i.e., just the opposite to that observed with ETD). This allows us to determine the sequence as
.723 Da), in agreement with our experimental determination (M r ϭ 1,641.721 Da). To the best of our knowledge, this toxin has not been described as a precursor or mature toxin.
Differentiation of the isomeric Ile and Leu residues (113.084 Da) requires fragmentation of their side chains by high energy collisions (25, 40, 41) or hot ECD (42), technologies not currently available to us. We note that hydroxyproline also has a nominal mass of 113 Da but can be easily differentiated from Ile and Leu by accurate mass measurements and its characteristic fragmentation pattern, which is similar to that of Pro (see Fig. S2 ). 
Combined Use of de Novo Sequencing and Precursor cDNA Databases.
Although highly effective, the de novo sequencing strategy shown in Fig. 1 requires considerable skill and time in correctly interpreting the various fragmentation spectra. In an effort to further decrease the time required for spectral interpretation, we explored the possibility of using sequence tags to interrogate existing toxin cDNA sequence libraries. Using ETD with CEP, we can obtain sequence tags of Ϸ5 aa in just a couple of minutes from virtually any toxin. It is important to note that the majority of cDNA sequences code for toxin precursors-i.e., prepropeptides, comprising a signal-, pro-and mature-peptide (4). Although the active toxin sequence is located at the C terminus of the prepropeptides, it is generally not possible to predict the precise start and stop sites of the mature peptide. Additional complications arise from the large number of isoforms with closely related sequences and the plethora of posttranslational modifications, known to exist in Conus (37) . Thus, even if we are able to find the experimental sequence tag in a cDNA library, it is still necessary to obtain the start and stop sites and any posttranslational modifications and amino acid variations that are present. This requires extensive high-quality MS/MS data.
To explore the utility of cDNAs in assisting toxin sequence determination, we devised a computer program called Toxfinder that searches existing cDNA databases, using as input parameters the experimentally determined molecular mass of the toxin, the number of cysteines present, and our de novo sequence tag. Because we do not always know the direction of the sequence tag, we search in both directions (from the N to C termini and from the C to N termini). The database is searched redundantly with isoleucine and leucine (nominal mass ϭ 113); glutamine and lysine (nominal mass ϭ 128) because we do not differentiate between these alternatives in sequence tags obtained from our low resolution experiments. Three types of Toxfinder outputs are possible: (i) Peptides that contain the specified sequence tag and satisfy the mass and number of cysteines specified in the input. These peptides are generated by in silico truncation of the precursor sequence 
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3050.185 + ion in the MALDI mass spectrum of fraction where this species is observed e dominant charge state of this species in the ESI mass spectrum of the reduced species; for sequence analysis adjacent (less intense) charge states were often used f dominant charge state of this species in the ESI mass spectrum of the dimethyl lysine analog g experimentally deduced amino acid sequence; hyP = hydroxyproline; * = C-NH 2 = amidated C-terminus; Met-ox = Methionine sulfoxide; γE = gamma carboxyglutamate; pQ = pyroglutamate; Wbr = brominated tryptophan; (I/L) indicates that we cannot differentiate between isoleucine and leucine (if the precursor cDNA sequence specifies the amino acid, it is shown in bold); [ ] indicates that we can not unambigiously determine the correct order of the amino acids in the brackets h superfamilies are determined by their signal sequence (not part of the mature toxin sequence) as well as their pattern of cysteine residues in the mature toxin i ETD with CEP was not needed to determine the sequence j this species was not observed in the ETD with CEP spectrum k the observation of dimeric conotoxins is rare and this is the first known dimer in this superfamily about the de novo sequence tag to include the specified number of cysteines, while simultaneously fulfilling the mass requirement. Note that this procedure may yield more than one candidate that fulfills all of the input restraints.
(ii) The sequence tag is found in a precursor, but the precursor cannot be processed in silico to produce a peptide that fulfills both the mass and cysteine-number input parameters. Here, the entire precursor sequence is provided as the output. (iii) The sequence tag cannot be found in the cDNA precursor database and no output is provided. Fig. 4 shows the ETD with CEP spectrum of a toxin with reduced M r ϭ 3,302.092 Da and 6 cysteines. Manual inspection of this spectrum quickly yielded the indicated sequence tag RGYDAP (indicated in blue). Although Toxfinder quickly identified a 70-residue toxin precursor sequence containing this tag ( 1 MEK-LTILLLV AAVLTSTQAL IQGGGDERQK AKINFLSRSD RDCRGYDAPC SSGAPCCDWW TCSARTNRCF 70 ), it was unable to return a peptide candidate that also fulfills both the mass and cysteine-content restraints. This may be because the sequence is not in the database and the tag is simply a random match. More likely, the reason we were not able to find a match is because the mature toxin contains posttranslational modifications or is an isoform that is not present in the database. We thus tested these latter possibilities. Because we determined experimentally that the toxin contains 6 Cys residues, the mature toxin should at least include residues 43-69 of the precursor. Concentrating on this region, we looked for N-and C-terminal fragment ions that may allow us to determine the start and end residues of this toxin. The dominant singly-charged ions highlighted in blue (Fig. 4) are consistent with the N terminus starting at Asp-42. The remaining singly-charged ions in the low mass region are consistent with the C terminus ending at Phe-70. Then, assuming that our mature toxin corresponds to residues 42-70, its molecular mass of 3,224.186 Da is 77.906 Da less than our experimentally determined mass of 3,302.092 Da. This mass addition could be explained by bromination of a Trp residue (theoretical mass shift 77.910 Da) (43) . Indeed, the sequence provided by Toxfinder contains 2 adjacent tryptophan residues. Inspection of the spectrum allowed us to assign this putative bromination specifically to . In addition to the observed mass increase that is consistent with bromine addition, bromine has a diagnostic isotope pattern arising from its almost equally abundant isotopes, 79 Br and 81 Br. This pattern is seen for the fragment ion z11 (see Fig.  4 Inset) and subsequent z ions, further confirming bromination of Comparison of the fragmentation data with the cDNA sequence allowed experimental confirmation of 24 of the 29 residues (Fig. 4 and Fig. S3 ). However, although the accurate mass data defines the amino acid composition of the N-terminal 2 residues and C-terminal 3 residues, it does not specify their order. At present this order can only be inferred from the cDNA sequence. Nevertheless, this example demonstrates the facility of this combined de novo sequencing, database cDNA correlation approach for rapidly defining intact peptides (here a modified 29-residue toxin) from crude venom samples. This 29-residue toxin was the largest that we encountered from C. textile, although we have obtained similar information from even larger toxins (up to 37 residues) from other species (e.g., Leiurus quinquestriatus hebraeus; Fig. S4 ).
Discussion
We have described a versatile approach for de novo sequencing of disulfide-rich miniprotein toxins. Using reversed phase chromatography to partially separate the components of a crude venom sample from C. textile in combination with mass spectrometric analysis of the intact toxins, we sequenced 31 intact individual toxins, using just 7% of the contents of a single venom gland. These toxins ranged in size from 962 to 3,302 Da (9-29 amino acid residues) and were all analyzed without subdigestion. Critical to this analysis was our use of ETD with CEP to maximize the mass spectrometric sequence coverage of the toxins; we note that continuous coverage of all adjacent amino acids is imperative for an unambiguous sequence assignment. The complementary nature of CAD and ETD greatly facilitates de novo sequence analysis. The ubiquitous modifications observed in conotoxins are readily discerned with our procedure, although these may cause complications-e.g., hydroxyproline has the same nominal mass as Leu and Ile. We can resolve this potential ambiguity, using the distinctive fragmentation behavior of Pro in ETD and CAD, and the accurate mass difference.
As cDNA sequencing becomes faster and less costly, we expect the number of toxin precursor cDNA sequences to rapidly increase. In this regard, we have shown that the combined use of such cDNA sequences and ETD with CEP greatly facilitates the sequence analysis of mature toxins. However, the procedure still requires good mass spectrometric sequence coverage to (i) recognize the cDNA in a database via a sequence tag, (ii) define the N-and C-termini, (iii) elucidate posttranslational modifications and (iv) discern closely related isoforms.
Although the current approach has greatly improved our ability to rapidly obtain accurate toxin sequences, further improvements are desirable. Perhaps the most challenging portions of the toxins to sequence are the termini, where fragmentation is frequently not observed between the terminal and penultimate residues. Here, it may prove necessary to apply additional derivatization strategies or C-terminal digestion strategies that enhance detection of the terminal residues (44, 45) . Another longstanding mass spectrometric sequencing problem is the ambiguity between the isobaric pair Leu and Ile. This sequencing ambiguity can be resolved in practice by sequencing the corresponding DNA (15) (16) (17) 22) , Edman degradation of the purified toxin component, or through the use of peptide synthesis and functional assays (46) . A different set of analytical problems are encountered as the mass of the toxins increase. Because large multiply-charged precursors produce fragmentation products with a range of different charge states, the fragmentation spectra become increasingly complex and difficult to analyze. This is especially relevant in low resolution ion trap mass analyzers, where it is challenging to assign charge states. In addition, the large number of fragmentation pathways leads to a concomitant decrease in signal-to-noise ratio of the fragment ion peaks. Such difficulties can be alleviated in 2 ways: (i) The spectrum can be simplified and the signal-to-noise increased by converting the multiply-charged fragment ions into their singly charge state, using proton transfer charge reduction (PTR) (47, 48) . Because PTR was not available on our instrumentation, we reduced the charge of our fragment ions by extending the ion/ion reaction time. An undesired side effect of this approach is the production of internal fragment ions that ϭcomplicate spectral interpretation. (ii) The different charge states in the fragmentation spectra can be identified through the use of a high-resolution mass analyzer (e.g., Orbitrap or ICR-FTMS) (49, 50) . High-resolution mass analysis also yields improved signal-to-noise, allowing the detection of low abundance fragment ions that may be indistinguishable from noise in low resolution devices. The use of PTR and high-resolution readout of ETD spectra should further facilitate spectral interpretation (47, 51) and increase the size of toxins that can be readily studied.
Rapid sensitive sequence analysis of peptide toxins, as described here, promises to massively expand the database of these fascinating bioactive molecules and facilitate many potentially informative avenues of study. These include studies of the variation in toxin repertoire in individual cone snails from a given species and rapid screening of crude venom from different animal venoms against different ion channels (52).
Materials and Methods
Detailed methods and materials are provided in SI Materials and Methods.
Crude Venom Preparation. Crude venom duct contents were extracted with light sonication, using 30% acetonitrile/water with 0.1% TFA and centrifuged.
Off-Line HPLC Separation. The crude venom extract from a single C. textile snail was dissolved in 0.5% acetic acid. Aliquots (2.3% of the total sample) were separated by HPLC and fifty 1-min fractions collected.
Sample preparation for MS. Each fraction was reconstituted in 15 L of 20% acetonitrile in 0.5% TFA, reduced and alkylated. For conversion of cysteines to dimethyl lysine analogs (36) , untreated reconstituted fractions were mixed with twice the volume of 0.5 M Hepes buffer (pH ϭ 7.8) and 1 L of TCEP. After 30 min, 5 L of freshly prepared 1 M (2-chloroethyl)-dimethylammonium chloride (Sigma-Aldrich) in 1 M Hepes buffer (pH ϭ 7.8) was added and the reaction allowed to proceed for 3 h.
MALDI MS.
Aliquots of untreated, reduced and iodoacetamide alkylated fractions were mixed with saturated ␣-cyano-4-hydroxycinnamic acid in 50% water/ 50% acetonitrile and spotted onto a MALDI target (53) . The fractions were analyzed by MALDI-MS using a prOTOF2000 mass spectrometer (PerkinElmer).
ESI MS.
Toxin-containing fractions were further analyzed by on-line HPLC-MS using either a LTQ XL or a LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific), operated in a data dependent mode cycling through a full scan (300 -2,000 m/z, single scan) followed by 8 MS/MS scans on each of the 4 most abundant ions.
